as observed earlier for the DRbinding molecules SEB and a trimeric domain of Ii (Park et al., 1995 that is "open," thus favoring the dissociation and association of peptides (Ghosh et al
4
of the conserved residues identified in DR1 that form (Weber et al., 1996) . It binds to class II molecules, like hydrogen bonds to the main chain atoms of bound pep-HLA-DR, acting as a chaperone by preventing the aggretides are conserved in DM and none of the pockets gation of empty DR (Stern and Wiley, 1992; Germain identified for binding the side chains of peptides are and Rinker, 1993) , which increases the yield of peptide present ) (albeit, see below). Instead complexes (Denzin et al., 1996; Sanderson et al., 1996;  of forming a peptide-binding groove, the ␣ helices of the ␣1 and ␤1 domains of DM contact each other over the first and last thirds of their lengths ( Figure 1B ), like ‡ To whom correspondence should be addressed (e-mail: dcwad min@crystal.harvard.edu).
those of the class I-like, neonatal Fc receptor (FcRn) (Burmeister et al., 1994) ( Figure 1C ), precluding peptide larger than a vestigial dimple found in the same region of FcRn (Burmeister et al., 1994) but smaller than the binding as expected . There are some differences in the conformations of several groove and cavity in the class I-like molecule CD1 (Zeng et al., 1997) , which apparently presents lipid and glycoloops in the ␣2 and ␤2 domains of DM relative to DR ( Figure 1D ), but most are at crystal contacts that may lipid mycobacterial antigens (Beckman et al., 1994) . The DM pocket is completely unlike the long groove of pockdistort their shapes. The ␤2 chain in DM, as it passes from the second ␤ sheet back to the first, also takes ets in a class II molecule ( Figure 2C ). a slightly different path than in DR ( Figure 1D ). These differences permit the formation of a dimer of DM het-A Central Pocket erodimers in the crystal, different from that that DR1
At the bottom of this central pocket is a puzzling arcan form (see below) (Brown et al., 1993) . rangement of a familiar triad, Serine ␤9, Histidine ␣20, and Glutamic acid ␣35 (or Aspartic acid ␣68), arranged like the catalytic triad in serine proteases and esterases A Closed Groove Three protuberant kinks in the ␤1 domain ␣ helix cause ( Figure 2A ) (Stryer, 1981) . But, this triad could not act as a protease because there is no groove to bind a a zigzag in its course across the domain (dashed line, Figure 2A ). This separates the residues packed between peptide, rather just a dead-end pocket as might form an acetylesterase (Wei et al., 1995) or binding site for the two domains into three apparent clusters (inserts in Figure 2 ). Two of the clusters, at the two ends of the an amidated carboxylate or acetylated amine (caption Figure 2B ). Importantly, there are no polar residues formdomains, are nonpolar residues mediating tight packing (9.5 Å helix to helix) between the ␣ helices of the ␣1 and ing an oxy-anion hole to stabilize a tetrahedral intermediate generated by a serine nucleophilic attack on a ␤1 domains (Figure 2) . The central cluster, by contrast, is polar, and charged residues ( Figure 2A ) form a 10 Å carbonyl. Thus, the juxtaposition of Ser/His/Glu (Asp), conserved in all known DM sequences, does not form wide and 10 Å deep pocket ( Figure 2B ). This pocket is At each end of the domains the helices contact each other with nonpolar residues; in the middle is a deep pocket of polar residues. At the bottom of the cavity, both Glu ␣35 and Asp ␣68 are within hydrogen bonding distance of His ␣20. The hydroxyl group of Ser ␤9 could be rotated to hydrogen bond directly to His ␣20 but in the structure is hydrogen bonded through a water molecule to His ␣20. a catalytic site. Whether it is a vestige of such a site or DM homologs will have bulky hydrophobic residues preventing peptide binding at either ends and a pocket, whether it can bind some pendant ligand such as a modified peptide terminus is unknown.
possibly vestigial, at its center. Besides binding to class II MHC molecules, DM binds intracellularly to HLA-DO, a class II-like heterodimer Details of the HLA-DM Structure Are Conserved (Liljedahl et al., 1996; Douek and Altmann, 1997) 
that in Other Species
evidence indicates is a pH-dependent, negative regulaMost of the residues that fix the ␣ helices of the ␣1 and tor of DM activity (Denzin et al., 1997; Ham et al., ␤1 domains tightly together and much of the pocket Liljedahl et al., 1998) . The ␣ and ␤ chains of the are conserved among human HLA-DM and homologous inhibitor DO have approximately 60% sequence identity murine, rabbit, and bovine sequences, while residues to DR1 (Tonnelle et al., 1985; Trowsdale and Kelly, 1985) . that project away from this interface vary and display One simple model for inhibition by DO would be for both limited polymorphism within the mouse H2-M alleles.
DR and DO to compete for the same site on DM. This contrasts with the distribution of conserved and polymorphic positions in the classical class II MHC molecules, where amino acid variations inside the groove A Crystal Packing Dimer of DM DM crystals contain 2-fold symmetric dimers of ␣␤ DM permit each MHC allelic product to bind different peptides. The conservation of sequence suggests that all heterodimers that are probably crystal packing artifacts Dashed lines show hydrogen bonds between peptide backbone atoms found on all bound peptides and residues conserved in all class II molecules, shown for HLA-DR3/CLIP (Ghosh et al., 1995) . Hydrogen bonds made by peptide positions 1, Ϫ1, and Ϫ2 (numbered as in are labeled P1, P-1, and P-2.
(with a geometry unlike either DR or I-A dimers described peptide side chain/MHC interactions, because those involve polymorphic pockets and allele-specific peptide previously (Brown et al., 1993; Jardetzky et al., 1994; Ghosh et al., 1995; Fremont et al., anchor residues that are different in different class II/ peptide pairs. The rate enhancement due to DM could 1996). They are unlikely to be models for either the interaction of DM with DO or with DR (DP and DQ), because result from DM breaking 2 or 3 of the 11 hydrogen bonds between bound peptide main chain atoms and conthe dimers are held together at the membrane distal domains only by contacts involving the oligosacchaserved class II residues observed in all class II/peptide complexes Dessen et al., 1997;  referrides of each ␣ chain (Asn 15, Figure 1A) , and DO lacks an equivalent oligosaccharide to form a similar interaction; ences therein) (Figure 3 ). The three peptide-to-MHC hydrogen bonds nearest furthermore, DM from cells with N-glycosylation blocked by tunicamycin is known to catalyze peptide exchange to the peptide N terminus (labeled P-2, P-1, and P1 in Figure 3 ) are good prospects for disruption by DM (Guerra et al., 1998) .
because of their accessibility on class II structures. Two of them are to an extended strand (Ser ␣53) of DR that Discussion might be displaced more easily than the binding site helices, and one (His ␤81) extends vulnerably out of the The crystal structure of CLIP (Ii 81-104) bound to HLA-DR3 showed that this intermediate in the maturation of binding-site groove. The six other conserved hydrogen bonds are sheltered within the helical walls of the bind-DR had the same conformation as DR complexed with tightly binding peptides, leading to the proposal that to ing site where their disruption would require more complex distortions of the binding site (Figure 3 ). The strucremove CLIP and catalyze peptide exchange, DM must preferentially bind to a strained, transition-state conture of DM reveals one lateral surface that contains two partially exposed tryptophans (␣62 and ␤120; Ͼ50Å
2 ) former of DR that favors dissociation and association of peptides (Ghosh et al., 1995) . A physical association and is a candidate for binding DR (arrows in Figure 1A ). (Fewer aromatic dye molecules bind DM/DR than to of DM with DR after CLIP dissociation has been observed by immune coprecipitation (Denzin et al., 1996;  either molecule separately, suggesting that nonpolar surfaces form the interface [Ullrich et al., 1997] Figure 1A , left in Figure 3 ) is homologous to the surface of DR implicated empty" conformation of DR, such as would result after CLIP had been exchanged off. Some of the interactions in DM binding by mutation studies Guerra et al., 1998) consistent with the possible formabetween the DR molecule and the peptide would be weakened or broken in this open state, facilitating the tion of a symmetric DM/DR dimer. The addition of an oligosaccharide at DR ␣94 ( Figure 1A ) disrupts DM exdissociation or association of peptides.
On the basis of kinetic studies of the DM exchange change activity both in vivo and in vitro Sloan et al., 1995; Guerra et al., 1998) as well as reaction (Vogt et al., 1996; Weber et al., 1996) , Jensen and colleagues showed that the rate of DM-induced the physical interaction of DM/DR (Denzin et al., 1996; Sanderson et al., 1996; Kropshofer et al., 1997) , without dissociation was proportional to the intrinsic rate of dissociation of a peptide for all peptide sequences and disrupting the overall structure of DR as judged by recognition by T cells (Guerra et al., 1998) . The same lateral different class II allelic molecules tested. This conservation across peptides and class II alleles suggested that surface is weakly implicated by the interference with DM activity by molecules thought to bind to near that some of the bonds that are conserved in all peptide/ class II MHC interactions like those involving peptide surface: Cer-CLIP, an antibody to the N terminus of CLIP (Denzin and Cresswell, 1995) , and the superantigen main chain atoms are the ones disrupted in the DM catalyzed transition state (Weber et al., 1996) rather than TSST-1 (Kim et al., 1994) .
A testable although speculative model for DM cata- in Figure 3 ). In such a hypothetical interaction, a polar MHC hydrogen bond (P1 in Figure 3 ). Such a DM/DR another mode of destabilizing the peptide/DR interface.
Residues in most favored regions 89.8
Experimental Procedures
Residues in additional allowed regions 9.6 Residues in generously allowed regions 0.6
Purification and Crystallization
Residues in disallowed regions 0.0 DM, expressed and isolated as described previously (Sloan et al., I/(I) is the mean reflection intensity/estimated error. Rsym ϭ 1995), was further purified by gel filtration (Superdex 200) and ion-(⌺|I(i) Ϫ ϽIϾ|)/⌺I(i), where I(i) is the intensity of an individual reflection exchange chromatography (Mono-Q Sepharose, Pharmacia). Two and ϽIϾ is the average intensity of that reflection. R cryst ϭ crystal forms were grown at 4ЊC by combining 2 l of protein solution ⌺||F o|Ϫ|Fc||/⌺|Fo|, where Fo and Fc are the observed and calculated (20 mg ml Ϫ1 in 10 mM TRIS [pH 8.0]) with 2 l of precipitant (1 M structure factor amplitudes. Rfree is equivalent to Rcryst, but calculated Li 2SO4, 0.5 M (NH4)2SO4, and 0.1 M sodium citrate [pH 5.4] ). The for a randomly chosen 10% of reflections that were omitted from structure was determined from an orthorhombic crystal, C222 1, a ϭ the refinement process. 95.4 Å , b ϭ 109.9 Å , c ϭ 105.1 Å , with one molecule per asymmetric unit. Diffraction data were collected from a single flash-cooled crystal (100 K), using a Mar Research image plate detector and an Elliot GX-13 rotating anode source with mirror optics. Data were lie in the allowed regions of the Ramachandran plot, with 90% in integrated and scaled (Table 1) . Residues grams (Collaborative Computational Project, 1994 ). An overall iso-␣1-12, ␤1-2, and those from the C termini, including the epitope-tag tropic B factor was 38 Å 2 , with no evidence for anisotropy as estipeptides, were not detected in the electron density maps, probably mated from a Wilson plot.
because of disordering.
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